Nail-Patella Syndrome (NPS) is a rare autosomal dominant condition comprising nail and skeletal anomalies. Skeletal features include dysplastic patellae and iliac horns, as well as scapula and elbow dysplasia. Nephropathy and glaucoma or intra-ocular hypertension can sometimes be present. NPS is due to variants affecting function in LMX1B, which encodes a LIMhomeodomain protein critical for limb, kidney and eye development. We describe the phenotype and the molecular data of 55 index patients and their 39 relatives presenting with typical NPS. We identified 38 different LMX1B anomalies, 19 of which were not reported before. In our series, 9% of families are not carriers of a LMX1B genomic alteration after extensive study of the coding and non-coding regions of the gene. One of the families showed no linkage to the LMX1B locus, raising the hypothesis of a genetic heterogeneity.
INTRODUCTION
Nail-Patella Syndrome (NPS, MIM 161200) is a rare autosomal dominant condition characterised by variable nail, skeletal, renal and ocular anomalies. The disease was first described by Chatelain, in 1820, in a patient with congenital nail, elbow and patellar defects (quoted by Roeckerath 1 ). Further reports improved the clinical description and broadened the spectrum of associated findings. [2] [3] [4] [5] Almost all affected individuals show nail dysplasia, consisting of koilonychia, or even anonychia, usually with the ulnar side of the nail more severely affected than the radial side. Typical lunular anomalies comprise triangular or absent lunulae. The thumbnails are the most severely affected, and the severity tends to decrease towards the little finger. Skeletal features are frequently described, including patellar anomalies (hypoplasia or agenesis), iliac horns and elbow anomalies (radial head hypoplasia or dislocation). 2 Besides nail and skeletal defects, 22-60% patients present with renal anomalies, 2, 4, [6] [7] [8] [9] extending from asymptomatic proteinuria to endstage renal failure. Ocular anomalies were first described in NPS by Lichter et al., 5 corresponding to variable degree of intra-ocular hypertension (IOH), glaucoma or normal tension glaucoma. Recently, neurological features comprising peripheral neuropathies, vasomotor disorder, hyperactivity or depression were also linked to the condition. 2, 4 The disease-causing gene is LMX1B (MIM 602575), mapped on chromosome 9q34. It consists of eight exons spanning a region of ≈82 kb of genomic DNA, and encodes a LIM-homeodomain transcription factor involved in many developmental mechanisms and accounting for the pleiotropic manifestations of the disease. 10, 11 The protein comprises two LIM domains (LIM-A and LIM-B) and a homeodomain (HD). The LIM domains are composed of two zinc fingers and are involved in protein-protein interactions. The HD is a 60-amino acid domain, highly conserved through evolution and necessary for DNA binding and transcriptional activation. 11 The main pathogenic mechanism underlying autosomal dominant NPS in humans is haploinsufficiency. [12] [13] [14] The majority of patients carry either LMX1B variants or complete or partial deletions responsible for haploinsufficiency through the nonsense-mediated mRNA decay pathway. 12 Missense variants located in functional domains cause diminished transcriptional activity and DNA-binding ability, thus responsible for the partial loss of function of LMX1B. 11, 13, 14 Nevertheless, although no clear genotype-phenotype correlation was apparent for extra-renal manifestations, Bongers and co-workers 2 observed that individuals with variants located in the HD had significantly higher renal involvement raising the possibility of dominant-negative and/or gain-of-function effects. Furthermore, recent studies in mice have demonstrated that missense variants of the HD can show dominant-negative activity in vivo. 15 In the present study, we describe the phenotype and molecular data of 55 index patients and their 39 relatives affected with NPS. Variants or large rearrangements of LMX1B were identified in 91% of patients. Nineteen previously unreported variants are described. In the remaining 9% of patients, no variant affecting function was identified in LMX1B after further investigation and the hypothesis of a genetic heterogeneity is raised. Clinical and molecular data of NPS patients J Ghoumid et al
MATERIAL AND METHODS

Patients
We studied 94 subjects affected with NPS, 45 males and 49 females. Among them, 33 were sporadic cases and 61 individuals were members of 22 unrelated families (Table 1) . Patients' samples were sent to our laboratory for LMX1B molecular analysis. Most of them were recruited by clinical geneticists (48 families), a few by dermatologists (2 families), paediatricians (2 families), nephrologists (2 families) and orthopaedic surgeons (1 family). The great majority were of French origin (all geographic areas), while some cases were referred from Belgium, Switzerland, Spain, Australia and USA. Clinical data were obtained through detailed forms (describing skeletal, nail, renal and ocular features), completed by patients' referring physicians. Renal anomalies were defined as urinary total protein 40.1 g/l (or 40.300 g/24 h) or as renal insufficiency. Ocular involvement was defined by presence of IOH (420 mm Hg), glaucoma or normal tension glaucoma. Patients' consents were obtained prior to molecular analysis.
Molecular analysis
Sanger sequencing of exons. LMX1B analysis was conducted on genomic DNA extracted from peripheral blood samples using the EZ1 DNA blood kit with the BioRobot EZ1 (Qiagen, Courtaboeuf, France). The eight exons of the LMX1B gene and their flanking intronic regions were amplified by PCR and directly sequenced on an ABI310 genetic analyzer (Applied Biosystems, Courtaboeuf, France). All primer sequences and reaction conditions are available on request. All variants were described according to the nomenclature GenBank accession number NM_002316.3. In order to compare with previous literature data, the correspondence with NM_002316.2 is indicated in Table 1 . Novel variants have been submitted to LOVD database (http://databases.lovd.nl/shared/genes/LMX1B, submission ID: LMX1B_000145 to LMX1B_000159).
Multiplex ligation-dependant probe amplification (MLPA). If no variant was found by exon sequencing, MLPA analysis was carried out in order to identify large deletions/duplications, according to the manufacturer's protocol (MRC-Holland SALSA MLPA probe set P289, http://www.mlpa.com). MRC Holland Coffalyser Software was used to analyse the results.
Array-based comparative genomic hybridization (CGH). If no variant was found by exon sequencing and MLPA, genome-wide analysis of DNA copy number changes was performed using the Agilent Human Genome CGH microarray 244 K (Agilent Technologies, Santa Clara, CA, USA) according to the protocol provided by the manufacturer. Analysis of the data was performed with Agilent DNA Analytics 4.0 software. Classification as gain or loss was based on identification by the CGH plotter and visual inspection of the log 2 ratios, using z-score and ADM-2 algorithms.
Genomic sequencing of whole LMX1B. When exon sequencing, MLPA and array-CGH were negative, we performed genomic sequencing of whole LMX1B gene sequencing in order to explore the non-coding regions (promoter, 5'UTR, introns and 3'UTR): ch9.hg19: g.129,374,658_129,466,967. We designed 15 long-range PCRs of approximately 10 kb covering almost entirely the LMX1B gene, for pyrosequencing using GS454 Junior (Roche, Basel, Switzerland) technology. The sequencing reads were aligned against the human chromosome 9 reference sequence (NC_000009.11) using GenSearch Software (PhenoSystems, Wallonia, Belgium). Variant calling was performed with the following parameters: at least 5 × coverage, Clinical and molecular data of NPS patients J Ghoumid et al minimal variant frequency 410%. Regions uncovered or with less than 10 × depth coverage were Sanger-sequenced.
RESULTS
Molecular analyses
The first LMX1B screening (ie Sanger sequencing of exons and MLPA) revealed a molecular anomaly in 50 families (91% In five families, no molecular anomaly was identified in the LMX1B's eight exons and no large rearrangements were detected by array-CGH. We therefore performed genomic sequencing of whole LMX1B gene, including the non-coding regions, in families 51 to 54 (DNA material was insufficient for family 55). On average, 450 variants per patient were identified in LMX1B, most of them being located in intron 2 which spans approximately 75 kb. We filtered: (i) the homozygous variants, assuming the autosomal dominant mode of inheritance of NPS in these families; (ii) the recurrent variants identified on control samples; and (iii) the single nucleotide polymorphisms reported in dbSNP (v135) (http:/www.ncbi.nlm.nih.gov/ projects/SNP) or 1000 Genomes Project database (http://www.1000 genomes.org/ ) with a minor allele frequency 45%. The remaining 64 variants (22 in family 51, 7 in family 52, 20 in family 53 and 15 in family 54) were studied by Sanger sequencing. Familial segregation was assessed when possible (families 51 and 52), and 100 control chromosomes were screened for the validated variants. Finally, only two variants of uncertain significance were remaining after the filtering (ch9.hg19:g.129,413,679delG in family 52 and ch9.hg19: g.129,437,509G4T in family 54), both being located in intron 2 at long-distance from the exon-intron boundaries (Supplementary Figure 3) .
Clinical findings in the 50 families with LMX1B variant/deletion Skeletal findings. In our cohort, 89% (n = 73/82) patients presented with skeletal involvement (patella, scapula, elbow or pelvis) ( Figure 2 , Table 2 ). Eighty percent of patients (n = 66/82) presented with bilateral patellar involvement. Patellar hypoplasia was reported in 61% of the patients (n = 50/82) and patellar agenesis in 16% (n = 13-/82). Subluxed patellae were observed in 32% (26/82). Elbow dysplasia was present in 71% of the patients (n = 54/76), corresponding to elbow-limited extension in 59% (45/76), radial subluxation in 26% (20/76) and radial head anomalies in 16% (12/76). Only 37 patients had pelvis X-rays revealing iliac horns in 76% (n = 28/37). Scapula involvement (thickening of the lateral border of the scapula, glenoid hypoplasia or limitation of shoulder motion) was rare, only identified in 9% of the patients (n = 7/82).
Nail involvement. Through the clinical form, we obtained information about nail involvement for 88% of the patients (n = 72/82) ( Figure 2 , Table 2 ). Most patients harboured nail anomalies (96%, n = 69/72). Koilonychia and longitudinal striation of nails were the most frequent defects, observed in 36/72 patients (50%). Anonychia was identified in 19/72 patients (26%) and affected mainly the thumbs. Lunulae anomalies comprised triangular lunulae (31/72, 29%) or even absent lunulae (9/72, 13%), affecting predominantly the first and second digits.
Renal assessments. Renal investigations, quantitative urinalysis and creatinine clearance measurements were obtained in 80% of the patients (n = 68/82), aged 3-64 years (median 29). Proteinuria was identified in 25% (n = 17/68). Three patients from family 34 had endstage renal failure ( Table 1) .
Prevalence of nephropathy increased with age. We observed that 12.5% (n = 3/24) of affected patients were under 15 years whereas 32% (n = 14/44) were over 15 years. There was no statistically significant gender difference: 19% (n = 6/31) of affected patients were males versus 30% (n = 11/37) females (P = 0.48, adjusted for age).
Ophthalmological assessments. In our cohort, 52% of the patients (n = 43/82) had intra-ocular pressure measurements. IOH was identified in 21% of them (n = 9/43). Among these nine patients, six carried a truncating variant, two presented with a missense variant in LIM-A and one with a missense variant in HD (Table 1) . Five were younger than 40 years.
Clinical findings in the five families without LMX1B anomaly Pedigrees and clinical findings in the five families without LMX1B anomaly are depicted in Supplementary Figure 1 and summarised in Supplementary Table 1. These families were evaluated by clinical geneticists and considered typical of NPS. The frequency of nail, elbow and patellar dysplasia, ocular and renal involvement was not statistically different from that observed in the series of patients harbouring an LMX1B alteration. Regarding the pelvis dysplasia (observed in 76% of patients with LMX1B alteration), only three patients had pelvisXrays revealing no iliac horns. DISCUSSION LMX1B is the major gene responsible for NPS. Indeed, 91% of patients in our series of 55 families harbour a variant/deletion identified by routine diagnosis screening (Sanger sequencing of exons and MLPA). We identified 38 different LMX1B variants or deletions in 50 index patients and their 32 relatives. About half of the variants were recurrent, identified in several families or already reported in the Asp106Ala) ) was identified in two unrelated families from Spain, suggesting a founder effect. Nail and skeletal phenotypes were consistent with the literature data ( Table 2) . 17, [20] [21] [22] [23] [24] Almost all patients with an LMX1B variant/deletion presented with nail involvement (96%). First and second digits were preferentially involved and anonychia, koilonychia, longitudinal striations, triangular and absent lunulae were observed. Patellar defects were identified in 86% and iliac horns in 76%, which is comparable with previous reports. 2, 4 Upper limb defects (66%) were less frequent than lower limb anomalies (86%).
Renal involvement is the major determinant of prognosis in NPS. We identified nephropathy in 25% of patients with an LMX1B variant/ deletion, usually consisting of proteinuria. In addition, we noted that all six individuals from family 34 (missense variant in HD c.706G4C, p.(Ala236Pro)) presented with nephropathy, and three of them were severely affected with end-stage renal failure. This recurrent variant was identified in two other sporadic cases from our cohort (families 32 and 33): the case from family 32 had nephropathy when examined at age 33, while the case from family 33 had no renal disease at age 5. The variant had also been reported in four previous families. 2, 3, 17 Interestingly, four of the five patients reported in the literature had nephropathy, suggesting a high prevalence of renal involvement associated with this variant. This was consistent with previous studies showing that the p.(Ala236Pro) mutant has a statistically significant lower contribution to wild-type LMX1B transactivation compared with other mutants. 13 Ophthalmological anomalies were rarely reported in previous studies. 2, 4, 18 In our cohort, 20% of patients with an LMX1B variant/ deletion presented with either IOH or glaucoma.
NPS patients showed high inter-individual and intra-familial variability, stressing the possible involvement of modifier genes in the expression of the phenotype. Through the clinical form completed by the referring physicians, we realised that patients were inadequately followed up, because most of them had no renal or ophthalmological input. In agreement with previous recommendations for clinical management, 2, 4 we stress the need for renal and ophthalmological follow-up in NPS patients. The annual renal screening (blood pressure and urinanalysis) should be performed soon after birth, especially if a variant in LMX1B HD has been identified. 2 The ophthalmological examination (intra-ocular pressure measurement, optic disc examination and visual field assessment) should be performed every 2 years in any adult affected with NPS.
In 9% of the families tested, no alteration was found in LMX1B by the routine screening. These patients were not clinically different from the patients harbouring an LMX1B alteration. Analyses were pursued in four families by next-generation genomic sequencing of whole LMX1B gene. Only two variants located within intron 2 at longdistance from the exon-intron boundaries were remaining after the filtering: ch9.hg19:g.129,413,679delG in family 52 and ch9.hg19: g.129,437,509G4T in family 54. These variants have never been described. They affect nucleotides that are partly conserved among species but are not lying within an evolutionary conserved region (Supplementary Figure 3) . No binding site for transcription factors is predicted in silico according to the JASPAR software (http://jaspardev. genereg.net/). For both variants, in silico splicing predictions using MaxEntScan software 19 do not show the creation of a cryptic splice site. Therefore, we considered that these variants are likely to be rare non-pathogenic variants. Owing to the large size of the intron 2 which spans approximately 75 kb, an ex vivo splicing assay would be difficult to design to confirm this conclusion.
For family 51, segregation analysis was performed based on variants generated by next-generation sequencing and microsatellite markers (Supplementary Figure 2) . Interestingly, no linkage to LMX1B locus (9q33.3) was shown, suggesting that a genomic alteration of this gene is not involved for this particular family. In the other families, the number of available individuals was insufficient for linkage analysis.
To our knowledge, the hypothesis of a genetic heterogeneity has never been studied in NPS. Given the large number of genes involved in the WNT signaling pathway, potential candidate genes are numerous. LMX1B deregulation due to a genomic alteration in another locus could also be a hypothesis. Quantitative expression studies are difficult to achieve because of very low LMX1B mRNA expression in readily accessible tissues (lymphoblasts, fibroblasts). Therefore, approach by whole genome studies should be considered in these five families with no LMX1B alteration.
